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Abstract This study investigated the effect of exposing a
polymerase chain reaction (PCR) mixture to capillary tub-
ing of different materials and lengths, at different contact
times and flow rates and the adsorption of major reaction
components into the tubing wall. Using 0.5 mm ID tubing,
lengths of 40 cm and residence times up to 45 min, none
of the tested polymeric materials was found to affect sub-
sequent PCR amplification. However, after exposure of the
mixture to tubing lengths of 3 m or reduction of sample vol-
ume, PCR inhibition occurred, increasing with the volume
to length ratio. Different flow velocities did not affect PCR
yield. When the adsorption of individual PCR components
was studied, significant DNA adsorption and even more sig-
nificant adsorption of the fluorescent dye Sybr Green I was
found. The results indicate that PCR inhibition in polymeric
tubing results from adsorption of reaction components to
wall surfaces, increasing substantially with tubing length or
sample volume reduction, but not with contact time or flow
velocities typical in dynamic PCR amplification. The data
also highlight that chemical compatibility of polymeric cap-
illaries with DNA dyes should be carefully considered for
the design of quantitative microfluidic devices.
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Introduction

Automation and miniaturisation of DNA amplification by
the polymerase chain reaction (PCR) is undergoing intense
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investigation, due to its enormous potential for fast and high
throughput genetic analysis. Designs of PCR devices range
from chamber stationary to flow through systems, as well as
thermal convection-driven PCR, and fully integrated proto-
types have already been presented (Liu et al., 2004). In the
case of flow through systems, the contact of the reaction mix-
ture with microchannel surfaces can have a negative impact
on PCR amplification, compared with conventional PCR in
tubes or microplates, due to increased surface to volume ra-
tios. Concerns around PCR biocompatibility with materials
have been expressed since the first PCR microdevices were
devised (Shoffner et al., 1996; Taylor et al., 1997; Wilding
et al., 1994). Despite the development of strategies to mini-
mize these effects, they still limit the development of PCR,
particularly for quantitative purposes (Kricka and Wilding,
2003; Schneegass and Kohler, 2001; Zhang et al., 2006).

Enzyme inhibition and chemical adsorption of reaction
components are major mechanisms that can affect quan-
titative reactions in sequential multiple analyzers (Skeggs,
1966). Similarly, PCR amplification in microcircuits can be
affected by the many compounds that have been described
to affect PCR (Wilson, 1997). Taq polymerase inhibition in
silicon and glass chips has been well studied (Erill et al.,
2003; Krishnan et al., 2004) although passivation can over-
come surface interactions to some extent (Giordano et al.,
2001). Polymeric materials present advantages with respect
to silicon or glass substrates, although these vary depending
on the material used (Panaro et al., 2004). One aspect not
previously accounted for is that even in inert or well pas-
sivated surfaces, physical factors such as the contact time,
tubing length or shearing induced by flow velocity in the
microchannels may influence the adsorption of PCR compo-
nents and the reaction outcome.

The PCR is performed by thermal cycling of a multicom-
ponent mixture in which the specific components vary with
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the application or the detection method employed. Diverse
chemistry formats used in different studies makes results
from one study difficult to extrapolate to users using different
chemistries (Arya et al., 2005). Therefore, biocompatibility
studies should define as much as possible the identity of
the interacting components. Invariably, the PCR mixture
includes target DNA, oligonucleotide primers, deoxynu-
cleotides, polymerase enzyme, buffer and salts. For quan-
titative analysis, an additional reporter dye may be needed
as well. It is essential that the stoichometric relationship
among the reactants is kept, for they dictate the kinetic and
thermodynamic behaviour of the reaction, which determine
the so-called PCR efficiency. Furthermore, the compatibility
of the detector, typically a fluorescent dye, needs to be
studied for it may also lead to false or erratic results.

We therefore studied how physical variables such as ma-
terial, contact time, tube length or flow rate can impact DNA
amplification in polymeric tubing of constant internal diam-
eter (ID) with potential use for microfluidic PCR devices.
The interaction of DNA and the commonly used dye Sybr
Green I with the tubing wall was explored.

Materials and methods
Polymeric tubing and pumping system

The polymeric tubing used in this study were: FEP
(fluoroethylene-propylene) blue, FEP black, FEP orange,
high purity PFA (Perfluoralkoxy), PFA natural, PEEK
(polyetherketone) orange, Tefzel (fluoropolymer) with inter-
nal diameter of 500 um and were obtained from Upchurch
Scientific. Fittings and connectors were also purchased from
Upchurch. The tubing was cut to different lenghts accord-
ing to the experiments being performed. A Harvard PHD
22/2000 syringe pump was used to fill and pass the PCR mix-
ture at constant speed through the tubing. Pumping speeds of
0.1, 0.5, 5 and 10 cm/s, which corresponded to infusion rates
of 11.8, 58.9, 589 and 1176 p1/min, were used. Prior to each
experiment, the tubing was washed with 70% ethanol, dis-
tilled water and flushed repeatedly with air to remove water
droplets.

PCR mixture and experimental design

The PCR mixture was made using the LightCycler Fast-
Start DNA Master Sybr Green I kit (Roche), oligonucleotide
primers and the pGEM®-T vector DNA (Promega), as shown
in Table 1. An 86-bp fragment was amplified from 10 ng plas-
mid DNA using the following primers from MWG Biotech
(Germany): Forward 5'-AGT CAT TCT GAG AAT AGT
GTA TGC GG-3' and reverse 5'-AGT TCT GCT ATG TGG
CGC G-3'. For PCR amplification, the AB7900HT Fast Real
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Table 1 Composition of PCR mix

Components Reaction, ul
H,O 12.4

Sybr green master mix ( x 10) 2

MgCl, (25 mM) 1.6

Forward primer 1

Reverse primer 1

Plasmid DNA 2

Total reaction volume 20

Time PCR System was used, with the following thermal pro-
file: initial denaturation (95°C) for 10 min, followed by 30
cycles of denaturation (95°C) for 10 s, annealing (55°C) for
10 s and extension (72°C) for 15 s. Ramp rates were set to
100% and a dissociation curve (dF/dt vs T) was then ob-
tained by heating between 65°C and 95°C at a ramp rate
of 2%. Consistency and specificity of PCR amplification
was first established, as judged by the presence of a unique
prominent peak in the dissociation curve analysis, consistent
amplification curve shifting in a 10-fold dilution series and
lack of amplification of negative controls.

Twenty or 50 wul of the PCR mixture plus DNA were
passed through the tubing to test the effect of the different
materials, contact times, lengths of tubing or flow rates. In
each experiment, a control aliquot of the same prepared PCR
mix not exposed to the tubing was kept in an eppendorf tube
under the same conditions of temperature and light, ampli-
fied in parallel and its PCR yield was taken as 100%. The
cycle threshold (Ct), final fluorescence and PCR efficiency
from the samples were compared as a percentage of the con-
trol samples. Cycle thresholds were calculated automatically
by the ABi software and inspected individually for potential
artifacts. Final fluorescence values were taken as the first flu-
orescence point of the dissociation curve. Efficiencies were
calculated with the method of Ramakers et al. (2003). Each
test consisted of tripilicate samples and was performed 3
times. Means and standard errors of the mean (S.E.M) were
calculated from each experimental values. One-way ANOVA
statistical test was used for multiple comparisons.

Results and discussion
Biocompatibility of materials

The first experiments sought to determine whether the PCR
mixture interacted chemically upon contact with several ma-
terials to inhibit subsequent amplification. Both adsorption
of reaction components and release of chemical inhibitors
can be estimated in this way by quantitatively comparing
subsequent real-time PCR yield of the exposed sample with
non-exposed mixture. A 50 ul PCR mixture was passed at a
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flow rate of 10 mm/s through 40 cm of tubing (contact time
= 40 s), collected at the end and amplified. Compared to
non-exposed samples, PCR yield, cycle threshold (Ct) and
efficiencies of PCR mixtures exposed to the different mate-
rials were not significantly different, confirming that a short
contact period with these materials does not affect per se the
reaction in any measurable extent (Fig. 1(A)). The specificity
of the reaction was not altered either, as seen by identical
dissociation temperature peaks of samples passed through
the different materials (Fig. 1(B)). Tubing segments were
then loaded with PCR mixture and let interact for 45 min
to explore whether increasing the exposure time resulted in
enhanced adsorption and reaction inhibition. The tubing seg-
ments were protected from light with foil to avoid artifactual
photobleaching of Sybr Green I. After incubation, exposed
mixtures were collected and amplified as before. Again, no
inhibitory effect was observed in the exposed samples, show-
ing amplification yields and Ct and efficiency values similar
to the non-exposed controls (not shown). With natural PFA,
the yield decreased slightly, suggesting the presence of in-
hibiting impurities within natural PFA rather than the plastic
itself, since purified PFA performance was among the best of
all materials. This result contrasts with PCR inhibition in sil-
icon chips, which is time-dependent and happens relatively
quickly (Erill et al., 2003). The tests presented here however,
do not intend to explore the interaction of the materials with
PCR taking place in sifu at temperatures typically used in
PCR. They inform that no measurable adsorption of PCR
components takes place in the materials at the contact time,
tube length and flow rate used.

Influence of length to volume ratio

The surface to volume ratio (SV ratio) of a fluid sample
inside a receptacle is an index that reflects its degree of
exposure to the exterior. For a sample slug inside a cylindrical
microcapillary tubing, its value is inversely proportional to
the inner radius r (SV ratio = 2/r) and, given a certain tube
radius, is independent of the length of the slug. However, as
the sample travels through the tubing, the extent to which
the slug surface interacts with the tubing is dependent on
the distance travelled. The longer the distance travelled, the
more extensive this interaction will be. Additionally, as the
sample volume decreases, any surface interaction will be
more significant. We studied in detail this relationship by
modifying either the volume for a fixed length of tubing,
or the tubing length for a given sample volume. Therefore,
rather than tube length alone, it was the length to volume
ratio (LV ratio) what was studied.

A range of different LV ratios were tested, using highly
purified PFA for these experiments. First, either 20 or 50 ul
aliquots of PCR mix were passed at a velocity of 10 mm/s
through 40 cm of PFA tubing, collected at the end of the tube
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Fig. 1 (A) Comparative PCR yield and cycle threshold Ct (in cycle
number) of quantitative PCR amplification of a reaction mixture passed
through 40-cm of tubing of the following polymeric materials: (PO)
Peek orange; (T) Tefzel; (FO) FEP orange; (PN) PFA natural; (FN)
FEP black; (FB) FEP blue; (P) high purity PFA. (CTRL), control non-
exposed mixture. (B) Dissociation curves of the amplified product in
the different materials

and amplified. Identical samples not exposed to the plastic
were amplified in parallel as controls. As shown in Fig. 2,
after being passed through 40 cm, the 20 nl sample amplified
significantly less (yield: 55%) than the 50 ul sample (yield:
73%), in turn amplifying less than the controls. In a second
set of experiments, 20 1 or 50 ul PCR samples were pumped
through 3 m of PFA tubing. As before, reducing the sample
volume to 20 ul resulted in a lower amplification yield (7%)
than with the 50 ul sample (36%) (Fig. 2). When comparing
the results of the same sample volume passed either through
40 cm or 3 m, it becomes apparent that increasing the length
of the tube also resulted in decreased amplification yield in
both 20 and 50 pl samples. These results are compiled in
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Fig. 2 PCR yield of 20 pul or 50 ul samples of mixture after being
passed through different lengths of PFA tubing (40 cm and 3 m). CTRL,
non-exposed control
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Fig. 3 Inhibition of PCR yield as a function of length to volume ratio

(LVR). PCR samples (20 or 50 pl) were passed through purified PFA
tubing of either 40 cm or 3 m to generate diferent LV ratios

Fig. 3, which shows that PCR amplification yield decreases
as the LV ratio closely following an exponential decay rela-
tionship (R? = 0.98).

Influence of flow velocity

PCR amplification consists of repetitive cycles of heating and
cooling of the reaction mixture for short periods of time. Am-
plification yield is thus dependent on the residency time of
the reaction mixture at every temperature in the thermal cy-
cle. Flow through PCR, in which the sample circulates inside
microchannels must have precise control of the flow velocity
of the mixture travelling through the different temperature
regions. Devices with different dimensions and designs will
then need different flow velocities to achieve the same de-
naturation, annealing or extension times. In addition, for one
particular device, the velocity may change for amplification
of templates requiring different thermal profiles.

Following the same experimental design of previous sec-
tions, we investigated whether a range of flow velocities
(0.1 cm/s to 10 cm/s) influences the amplification yield of
a 50 ul sample at 2 different tubing lengths (40 cm and
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Fig. 4 PCR yield and cycle threshold (Ct) of samples after passing
through PFA tubing at different velocity times

3 m). The results, shown in Fig. 4, showed no evidence of
flow velocity influencing PCR yield. Although slow veloci-
ties seemed to decrease yield, there was strictly no statistical
evidence supporting such view. Moreover, when the Ct val-
ues were analyzed, no differences between velocities were
seen, meaning that DNA quantitation was not altered at any
velocity. At longer lengths of tubing (3 m), where important
inhibition occurs as shown previously, varying the velocity
between 0.5 mm/s and 5 cm/s did not make alter PCR yield
either. These results indicate that adsorption or inhibition of
PCR does not significantly differ at different speeds in PFA
tubing, which is consistent with our initial observation that
contact time does not influence the PCR yield.

Adsorption of individual PCR components in the tubing
walls

From the previous experiments we know that when a PCR
mixture travels long distances in polymeric capillary tub-
ing, subsequent amplification is inhibited. The underlying
reason could be adsorption of reaction components or in-
hibitory chemicals being shed from the tubing to the mixture
en passage. We studied the first possibility in more detail by
measuring the fluorescence of a complete PCR mixture be-
fore and after passing through 3 m of PFA tubing at a velocity
of 0.5 mm/s. Only the original fluorescence of the mixture
was measured in these experiments but no subsequent am-
plification. As seen in Fig. 5, the fluorescence of the mixture
decreased dramatically after being passed through PFA tub-
ing, indicating that DNA, Sybr Green I or both were being
adsorbed. Greater than 90% inhibition was observed whether
the mixture contained 10 ng or 0.1 ng of plasmid DNA.
The components responsible for fluorescence in our PCR
mixture are the target DNA and the Sybr Green I dye. To
learn whether DNA or Sybr Green were being adsorbed,
we omitted either one, one at a time, and exposed the other
component to the tubing. Afterwards, the omitted compo-
nent was added in the appropriate proportion, following the
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Fig.5 Fluorescence of a PCR mixture before (control) and after being
passed through 3 m of PFA tubing, with DNA content of either 0.1 ng
or 10 ng. The two bars on the right represent the fluorescence of a PCR
mix in which either the DNA or the Sybr Green were exposed to the
PFA tubing

protocol outlined in Table 1 to complete the mix, and the
fluorescence was then compared with a control mixture in
which no component was exposed to the tubing. When the
Sybr Mix was the omitted component (and DNA exposed),
the fluorescence was inhibited by 59% with respect to the
original signal, as seen in Fig. 5. This meant that about half
of the DNA was being absorbed by the tubing wall upon
passage through 3 m of tubing. When the DNA was omitted
and Sybr Mix exposed, almost complete abrogation of the
fluorescence was observed (Fig. 5). This indicates that both
DNA and Syb Green are being adsorbed by the tubing al-
though, clearly, Sybr Green to a greater extent. This explains
why in the previous experiment fluorescence was equally
lost using two different DNA concentrations.

It was somehow surprising that DNA was adsorbed at the
extension that it did, since at the pH and temperature con-
ditions of the experiment, DNA is a polyanionic molecule
that would not be expected to bind to hydrophobic surfaces
(Allemand et al., 1997). This has been suggested also in sil-
icon chips based on experimental data (Erill et al., 2003) but
obviously it s still possible that hydrophobic interactions still
can occur between the DNA backbone and the plastic surface
in the conditions of the present experiments. More significant
was that Sybr Green was almost completely adsorbed, which
has strong implications for the design of microfluidic devices
for quantitative PCR. This is essential, since it is ultimately
the DNA dye what reports the progress of PCR amplification
in real time. If the dye is being adsorbed, even if the reaction
proceeds fully, the fluorescent signal to quantitate will be
affected.

In summary, the materials tested are usable candidates a
priori in the design of microfluidic PCR devices for sub-
systems such as reagent delivery or liquid handling without
significant adsorption or reaction poisoning. Up to 40 cm of

tubing can be used safely, but longer lengths (3 m) of tub-
ing can inhibit severely subsequent amplification. Residence
time and flow velocity do not affect adsorption within the
parameters tested here, which were quite typical for an am-
plification reaction. We found that when using 3 m lengths,
both DNA and Sybr Green are adsorbed substantially to
the tubing walls. Other mixture components including nu-
cleotides, oligonucleotide primers and polymerase enzyme
can still be adsorbed or denatured, modifying PCR efficiency,
although the present experiments did not investigate this pos-
sibility. Based on the present results, however, quantitative
PCR based on Sybr Green chemistry is incompatible with
the polymeric tubing tested and alternative designs such as
the biphasic microfluidic PCR (Dorfman et al., 2005; Walsh
et al., 2006), should constitute a valid alternative, provided
appropriate control of the fluid dynamics can be achieved.
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